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A B S T R A C T  

T he  fine structure of Bombyx mori silk fibroin was investigated by electron microscopy and  
X-ray  diffraction techniques. Examinat ion  of silk fibers f ragmented with ul trasonic radia-  
tion and  negatively stained revealed the presence of r ibbon-like filaments of well-defined 
lateral dimensions. Analysis of the breadths  of the equatorial  reflections in the X- ray  diffrac- 
tion pat tern  of fibroin yielded similar dimensions for the lateral extent  of the crystallites. 
I t  is concluded tha t  the crystalline material  in B. mori silk fibroin is in the form of r ibbon-l ike 
filaments of considerable length parallel to the fiber axis and  of lateral dimensions approxi-  
mately 20 X 60 A. 

I N T R O D U C T I O N  

There  is a b u n d a n t  evidence that  the cocoon fibers 

produced by the larvae of the silk moth  Bombyx 
mori have a fi lamentous fine structure (14, 16, 20), 
bu t  no clearly defined microfibril of the type en- 

countered in other fibrous proteins such as feather 

kerat in  (4) and  mammal i an  kerat in  (1, 17) has 

been recognized so far. Early studies of B. mori 
silk fibroin by X- ray  diffraction techniques (2, 9) 

revealed tha t  it contained crystallites which were 

elongated parallel to the fiber axis but  of l imited 

extent or poor regulari ty at  r ight  angles to this 

direction. Kra tky  and  coworkers (9, 10) showed 

tha t  mechanical  deformation of nat ive silk glands 

produced double orientation, which suggested tha t  

the lateral dimensions of the crystallites were un-  

equal, and  this was later  confirmed by studies of 

stretched and  rolled silk fibroin (11). 
The  present communica t ion  describes a study of 

the filamentous fine structure of silk fibroin and  its 

relationship to the crystallites revealed by  X-ray  

diffraction studies. T he  results obtained suggest 
tha t  there is a r lbbonqike  microfibril  of well- 
defined dimensions in B. mori and other  silk fibroins. 

M A T E R I A L S  A N D  M E T H O D S  

Electron Microscopy 

Degummed silk fibers were cut into short lengths 
and irradiated in 98-100% formic acid in an ice- 
cooled dispersion cell of an M.S.E. (Measuring 
Scientific Equipment, England) ultrasonic generator 
(rated at 60 watts, 20 kc/sec) for 4 hr. In  addition 
to swelling the silk, the formic acid provided a con- 
venient dispersion medium which could be removed 
by repeated dilution with distilled water. After ir- 
radiation, the contents of the cell were centrifuged 
at 600 g for 15 rain, and the supernatant liquid was 
discarded. The debris was washed three times with 
water and finally redispersed by a further brief 
irradiation. A drop of the suspension was deposited 
onto a carbon-collodion-supporting film by means 
of a plat inum loop and was allowed to dry. 

Solubilized silk was prepared by treating de- 
gummed silk with cupriethylene diamine following 
the method described by Drucker, Hainsworth, and 
Smith (3). The gelatinous solution obtained after 
dialysis was suitably diluted and a drop deposited on 
a grid. Samples of the synthetic polypeptide poly-L- 
alanylglycyl - L - alanylglycyl - L - serylglycine, which 
was synthesized as a model of the crystalline portions 
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F m v n E  1 Disintegrated Bombyx mori silk negatively stained with sodium phosphotungstate ,  showing 
sheets of filaments. )< 130,000. 
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of B. mori fibroin (19), were prepared  f rom a 0 .1% 
solution of the  polymer  in formic acid by deposit ing 
a drop of the  solution on  a grid. 

In  each case the  specimens were negatively s ta ined 
wi th  I %  sod ium phosphotungs ta te  at p H  5.6 and  
examined  in a Siemens Elmiskop I operat ing at a 
potential  of  80 kv and  employing  the  double con- 
denser  system; 50-/* objective aper tures  were used 
throughout .  

X - R a y  Studies  

High-angle  X- ray  diffraction pat terns  were re- 
corded by a 3-cm cylindrical c amera  operated in 
vacuo, and  low-angle pat terns  were recorded by an  
evacuated  5-cm flat f ihn c a m e r a  with 50-/* coll ima- 
tion. T h e  intensity profiles of  the  h igh-angle  equa-  
torial reflections were measured  with a Joyce-Loebl  
mic ropho tomete r  and  the  var ia t ion of intensity (I) 

FIGURE ~ a Transverse section of osmiuul tetroxide-stained Borabyx mori silk showing a layered organi- 
zation of filaments. >( ~50,000. 

FIGURE ~ b Sheet of filaments obtained from Antherea pernyi silk, negatively stained with sodimn phos- 
photungstate .  X V20,000. 
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with reciprocal space coordinate (R) analyzecl into a 
series of component Cauchy curves having the general 
formula 

I = Imax/{l  + [2(R . . . .  -- R)/AR]2}, 

where Rm ax and / in  ax specify the position and inten- 
sity of the peak and AR its half width. The analysis, 
with a least squares procedure being used (5), was 
performed on a CDC 3600 computer. The reciprocal 
of the half width of each component was then taken 
as an indication of the size of the crystallite in a direc- 
tion at right angles to the set of planes responsible for 
the particular reflection (8). 

R E S U L T S  A N D  D I S C U S S I O N  

B o m b y x  mor i  Fibroin  

The  debris obtained by ultrasonic disintegration 
of fibroin consisted of thin sheets of material  as 
illustrated in Fig. 1. These sheets appear  to consist 
of filaments about  20-25 A widc, in the plane of the 
section, separated by  15-20 A of a more densely 
stained material .  In  a n u m b e r  of instances, mostly 
near  the edges of sheets, examples of filaments 
55-65 A wide were observed; a typical case is 
shown in the circle in Fig. I. These observations 
suggest tha t  silk contains ribbon-like filaments of 
well-defined lateral dimensions which may con- 
veniently be referred to as microfibrils. Early 
studies of silk revealed the presence of fi lamentous 
material ,  and  estimates of their  lateral dimension 
have ranged from 40-300 A (18). In  particular,  
Z a h n  (20) suggested that  the fi lamentous mater ia l  
consisted of microfibrils 40-80 A wide. In most 
instances the methods of prepara t ion or examina-  
tion would have precluded the recognition of a 
highly asymmetric cross-sectional shape in the 
microfibril. This  asymmetric shapc is confirmed by 
the cross-section shown in Fig. 2a where the 
dimensions of the unstained areas agree well with 
those deduced from Fig. 1. Wi th  microfibrils of 
such small dimensions the interpreta t ion of the 
appearance  in cross-section is complicated by  the 
possibility tha t  the plane of the section is not  
accurately normal  to the axis, bu t  the packing of 
the microfibrils in Fig. 2 a appears  to be irregular, 
apar t  from a marked tendency for the planes of the 
r ibbons to lie parallel. This  explains how it is 
possible to obtain fragments of the type shown in 
Fig. 1 in which the majori ty of the r ibbons present 
their  narrow aspect to the electron beam. I t  
follows also tha t  the microfibrils adhere  more 
strongly via the larger surface since f ragmentat ion 

apparen t ly  proceeds most  readily along lines per- 
pendicular  to the larger lateral dimension. 

Cur ren t  ideas of the a r rangement  of the poly- 
peptide chains in silk fibroin are based on the 
proposal of Marsh,  Pauling, and  Corey (14) tha t  
the chains crystallize in an  ant iparal le l -chain 
pleated-sheet conformation with one surface of 
each sheet entirely populated by glycyl residues. 
The  sheets are supposed to be arranged in pairs 
with their  glycyl surfaces in contact,  giving an  
a l ternat ion in intersheet spacing. The  uni t  cell of 
this proposed structure contains four chains and  
has lateral dimensions a = 9.4 A in the plane of the 
hydrogen-bonded sheet and  c = 9.2 A perpendicu-  
lar to this plane. The  equatorial  X-ray  reflections 
arising from planes normal  to c are more diffuse 
than  from those from planes normal  to a, a fact 
which indicates tha t  the crystallite is smaller or less 
perfect in a direction parallel to the c axis, tha t  is, 
normal  to the pleated sheets. The  analysis of the 
profiles of these reflections is summarized in Table  
I ,  together with the lateral dimensions of the 
crystallites da, parallel to the a axis, and dr, parallel 
to the c axis, deduced from the breadths  of the 
reflections. 

The  close correspondence between d~ and  dc and  
the lateral  dimensions of the microfibrils strongly 
suggests tha t  the microfibrils const i tute  the crystal- 
line material .  I f  this is so, it follows that  the hydro-  

T A B L E  I 

The Lateral Dimensions of the Crystallites in B. 
mori Fibroin Estimated from the 

X-ray Diffraction Pattern 

Reflection Half width da* de 

A -I A A 
001 0.0425 - -  24 
002 0.048 - -  21 
003 0.043 - -  23 
201~ 0.024 - -  19 
400 0.018 56 - -  

Origin peak§ - -  62 - -  

M e a n  value 59 22 

* d~ is the estimated dimension in the plane of the 
pleated sheets; de is the estimated dimension 
normal  to the sheets. 
:~ The  normal  to the 201 planes is inclined at 27 ° 
to the a axis, hence do = sin 27 ° /hal f  width. 
§ Est imate obta ined by assuming the low-angle 
max imum at 43.5 A is the first subsidiary maximum 
of a crystalli te of rec tangular  cross-sectlon. 
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FiolmE 3 a Disintegrated Anaphe moloneyi silk negatively stained with sodium phosphotungstate, 
showing sheets of flaments. )< 1~0,000. 

FlotmEs 3 b and 3 c As for Fig. 3 a, but showing filaments twisting through 90 ° and presenting their 
wider aspect towards the electron beam. X 350,000. 

FI~tmE 3 d Film cast from a solution of Bombyx mori fibroin, obtained by treatment with eupriethylene 
diamine, negatively stained with sodium phosphotungstate. × 1~0,000. 

FIGURE 3 e Filaments obtained from the sequential polypeptide (ala-gly-ala-gly-ser-gly),, negatively 
stained with sodium phospbotungstate. × le0,000. 



gen-bonded pleated sheets must  lie parallel to the 
longer lateral dimension of the microfibril. 

According to Lucas, Shaw, and  Smith  (13), 
about  60% of the polypeptide chain in silk consists 
of segments having  the sequential formula gly-ala- 
gly - ala - gly [ser - gly - (ala - gly)n]s - ser - gly- 
ala-ala-gly-tyr, where n has a mean  value of 2, and  
it has been assumed that  these segments are de- 
rived from the crystalline regions of the fiber. I f  
this is so, it follows that  all the charged and  bulky 
residues must  be incorporated in ei ther less crys- 
talline or amorphous  regions of the structure and  
may  account  for the intermicrofibri l lar  mater ia l  
seen in Figs. 1 and  2. A lateral a l ternat ion of 
crystalline and  amorphous  mater ial  of this type is 
favored by Z a h n  (20) and  would account  for such 
properties as the anisotropic swelling dur ing water  
sorption (7). 

Anaphe moloneyi and Antherea 

pernyi  Fibroins 

T h e  amino acid compositions of diUerent moth  
silks show considerable variat ions from species to 
species (13), and it was of interest to examine 
samples of two silks markedly different in com- 
position from B. mori silk. The  appearance  of the 
debris obtained by ultrasonic disintegration of 
these silks is shown in Figs. 2 b and  3 a, and  in bo th  
cases will be seen to be very similar to tha t  ob- 
tained from B. mori fibroin. Two examples are 
shown in Fig. 3 b and  c of Anaphe silk debris in 
which a f i lament 20-25 A wide broadens gradually 
to about  60 A and  then returns to its original 
width. These are believed to represent  instances 
where the r ibbon-shaped microfibril  is twisted 
through abou t  90 ° over par t  of its length, so 
presenting its b roader  aspect. 

X- ray  diffraction pat terns  obtained from the 
Anaphe silk were not  of such high quali ty as those 
form B. mori silk, bu t  it was possible to obtain an 
estimate of dc which proved to be very similar to 
tha t  deduced for B. mori silk. The  hal f  widths of the 
equatorial  reflections of the Antherea silk are very 
similar to those of B. mori silk (15). 
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Soluble Fibroin and Sequential Polymer 

Both solubilized fibroin and  the model poly- 
peptide poly - L - alanylglycyl - L - alanylglycyl - 
L-serylglycine are known to crystallize in the same 
conformat ion as the polypeptide chains in the 
crystallites of nat ive silk fibroin (6), and  it was 
found that  films cast from solutions of these ma-  
terials consisted of fi lamentous mater ia l  as shown 
in Fig. 3 d and  e. T h e  filaments obtained from 
solubilized fibroin are variable in length and  show 
numerous  kinks. They  are extremely fine, being 
only about  20 A in diameter,  and  appear  to aggre- 
gate by twisting a round  each other. T h e  filaments 
observed in the synthetic polypeptide are again of 
the order of 20 A wide but  much  shorter than in the 
na tura l  material .  T h e  polypeptide contains only 
glycyl, alanyl, and  seryl residues, and  this may  
explain why there is less tendency for the moIe=ules 
to aggregate longitudinally. 

Correlation with Solution Studies 

Recent  studies (12) of the scattering of X-rays 
by solutions of B. mori fibroin obtained f :om the 
spinning glands of the silkworm have been inter- 
preted in terms of a dispersion of elongated parti-  
cles which presumably aggregate end-to-end to 
form the microfibrils observed in silk. T h e  dimen-  
sions of a particle considered as an elliptical cyl- 
inder  were 212 X 66 × 19 A. If, as seems likely, 
end-to-end aggregation occurs via the longest di-  
mension, the two lateral dimensions of 66 and  19 A 
would correlate well with the lateral dimensions of 
the microfibrils deduced from the present electron 
micrograph and X-ray  studies. 
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